We provide a brief topical outline of the persisting problem of the hyperon polarization and consider some future experimental prospects. The predictions which deserve experimental verification are proposed.
Inroduction
In the recent years a number of significant and unexpected spin effects were discovered. They demonstrated that the spin degrees of freedom will be important even at TeV energy scale. Currently spin experiments are conducted at almost all the existing accelerators and are planned for those under construction. The experimental data on the spin observables represent a rather small fraction of the data on particle interactions -the most of them are related to spin-averaged ones. Despite that, they prove to be important for understanding of particle interactions. They provide information on spin dependence of the interactions, which is more fundamental than the dynamics studied with the use of spin-averaged observables. These data clearly indicate that high energy interaction dynamics depends significantly on spin degrees of freedom.
This year when the RHIC spin program [1] has started spin studies are moving again to forefront of high energy physics. The main role in this field belongs to the experiments driving further the theoretical studies.
Experimental status
It was discovered for the first time in 1976 that in the pp → ΛX reaction the highly polarized Λ-hyperons were produced, and that their polarization rises with x F and p ⊥ [2] . Nowadays there is a rather extensive experimental data set on the hyperon polarization in inclusive reactions [3, 4] . The fact that polarization of Λ enters the equation for the proton angular distribution in the Λ → pπ − decay, which does not conserve parity, allows to measure it without dedicated facilities. The polarization of Λ is obtained from the cos θ * -distribution analysis. After the Λ-hyperon polarization discovery, the polarization of other hyperons was measured and they also appeared to be polarized. The experimental studies revealed the following regularities [3, 4] :
• In the proton-proton interactions, the polarization of inclusively produced Λ-hyperons is negative, its direction is opposite to the vector p × p Λ , where p is an incident particle momentum. The polarization rises with transverse momentum of Λ-particle. For the range of transverse momentum p ⊥ > 0.8 GeV/c the dependence of P Λ on the transverse momentum becomes weak. In this region of p ⊥ , the polarization of Λ grows linearly with x F . The Λ-hyperon polarization has been measured up to rather high values of p ⊥ ≃ 3.5 GeV/c. However, even at the maximum p ⊥ values no tendency for polarization to decrease was observed. It is interesting that analysing power A N and spin transfer parameter D N N have shown similar p ⊥ -dependence in Λ-production at FNAL [4] .
• The Λ-hyperon polarization is energy independent in a wide range of beam energy p = 12 − 2000 GeV/c.
• In the proton-proton interactions, the hyperon production reactions reveal the following relations between the hyperon polarizations:
• For the reactions involving mesons the following relations take place:
Besides that
The polarization of Ξ − -hyperons produced by 800-GeV protons has also been measured at FNAL. Contrary to the regularities observed in the Λ-production energy dependence of P Ξ − has been observed for the first time. P Ξ − also does not show the x F -dependence demonstrated by the data on Λ-polarization.
To determine the polarization of the directly produced hyperons one has to measure the hyperon polarization in exclusive reactions. To this end, the Λ-hyperon polarization has been studied [5] in the exclusive diffractive process
Results of the measurements demonstrated that Λ-hyperon polarization increases linearly with p ⊥ at √ s ≃ 30 GeV and gets a very large value, P Λ ≃ 80% at
Therefore, since the Λ polarization does not show a tendency to decrease at large p ⊥ values, the data on hyperon polarization provide a direct evidence for the s-channel helicity nonconservation in hadron collisions in a wide energy and p ⊥ range.
Theoretical status
Theoretical status of hyperon polarization was described in many review papers (see e. g. [6] ). Hyperon polarization and even the most simple case -polarization of Λ -not understood in the QCD and it seems that in the future it could constitute even a more serious problem than the problem of the spin of a nucleon. Those problems are to be related and one could nucleon attempt to connect the spin structure studied in deep-inelastic scattering with the polarization of Λ's observed in hadron production [7] . As it is widely known now, only a part (less than one third in fact) of the proton spin is due to quark spins. These results can be interpreted in the effective QCD approach ascribing a substantial part of hadron spin to an orbital angular momentum of a quark matter. It is natural to assume that this orbital angular momentum might be the origin of asymmetries in hadron production. It is also evident from the deep-inelastic scattering data that strange quarks play essential role in the proton structure and in its spin balance. They give a negative contribution into the spin of a nucleon, ∆s ≃ −0.1. Polarization effects in hyperon production are complimentary to these results and demonstrate [3] as well that strange quarks acquire polarization in the course of the hadron interactions. Straightforward application of the perturbative QCD with collinear factorization scheme meet serious difficulties in explaining available polarization results. It is due to the chiral invariance and vector nature of QCD which provide important consequences for spin observables and therefore allows direct and unambiguous test of perturbative QCD in experiments. The QCD Lagrangian is invariant under transformation of SU(3) L ×SU(3) R group (N f = 3) and therefore QCD interactions are the same for left and right quarks:
Left-handed (right-handed) massless particles will always stay left handed (righthanded). For massless quarks chirality and helicity coincide. If the quarks have a non-zero mass chirality and helicity are equal approximately at high energies, namely:
where ±1/2 are the quark helicities. Any quark line entering Feynman diagram corresponding to QCD Lagrangian emerges from it with unaltered helicity. Quark helicity conservation is the most characteristic feature of this theory. To get P q = 0 it is necessary that helicity flip amplitude being a non-zero one and the phases of helicity flip F f and non-flip F nf amplitudes are different, since
In QCD the quark helicity flip amplitude is of order of m/ √ŝ . In Born approximation the amplitudes are real and therefore it is necessary to consider the loop diagrams , i.e. quark helicity flip amplitude will be proportional
and consequently quark polarization is vanishingly small in hard interactions [8] :
due to large value of the hard scale √ŝ ∼ p ⊥ and small values of α s and m q , where m q stands for the mass of a current quark. Explicit calculation of s-quark polarization in gluon fusion process provides P s ≤ 4% [9] . Thus, a straightforward collinear factorization leads to very small P Λ .
Several modifications of this simple perturbative QCD scheme have been proposed. The factorization formula with inclusion of the higher twist contributions was obtained in [10] and it was proposed to consider twist-3 contributions [11]
as a source of the strange quark polarization [12] . Here the function E a (x 1 , x 2 ) is a twist-3 unpolarized distribution, and higher twist partonic correlations could give contributions to fragmentation functions also. Since there is no information on higher twist contributions, additional assumptions and models are necessary.
Moreover it is not clear what is the dynamical origin of strange quark polarization arising through the unpolarized quark-gluon correlator E a (x 1 , x 2 ), and the predicted decreasing dependence P Λ ∼ 1/p ⊥ at high p ⊥ still does not correspond to the data trends. It is necessary to note that the situation is now appeared to be complicated even for the standard leading twist parton distributions which, as it was shown in [13] , are not simply related to the structure functions measured in deep-inelastic scattering as it was commonly accepted until now.
Another modification of the collinear factorization takes into account a role of k ⊥ -effects. By analogy with Collins' suggestion for the fragmentation of a transversely polarized quark 1 , it was proposed to consider so called polarizing fragmentation functions (k ⊥ -effects in distribution functions are not possible due to a conflict with T -invariance) for an unpolarized quark with momentum p q to fragment into a spin 1/2 hadron h with momentum p h = zp q + k ⊥ and polarization vector P h [15] :
in the framework of the generalized factorization scheme -with inclusion of intrinsic transverse motion -along with pQCD dynamics. Thus, in this approach, the source of Λ polarization was moved into the polarizing fragmentation function. Some features of this scheme are:
• falling ∼ k ⊥ /p ⊥ dependence of polarization at large p ⊥ ,
• still need a dynamical model for polarizing fragmentation functions,
• it is not compatible with the e + e − -data at LEP, where no significant transverse polarization of Λ was found [16] .
General conclusion is that the situation with Λ polarization as well as with other single spin asymmetries within pQCD (leading twist collinear factorization or its modifications) is far from being settled.
On the other hand we can conclude that the polarization effects as well as some other recent experimental data demonstrate that the hadron interactions have a significant degree of coherence. Persistence of elastic scattering at high energies and significant polarization effects at large angles confirm the above statement [17] . It means that the polarization dynamics has its roots hidden in the genuine non-perturbative sector of QCD. Several models exploiting confinement and chiral symmetry breaking have been proposed. The most known of them are the model based on the classical string picture (Lund model) where polarization of strange quark is the result of angular momentum conservation and the model based on the polarization of strange quark due to the Thomas precession. The gross feature of the both models is an account for the consequences of the quark confinement. The most recent discussions of successes and failures of these models can be found in [6] .
It is worth noting again that the chiral SU(3) L × SU(3) R group of QCD Lagrangian is not realized in the hadron spectrum. In the real world this group is broken down to SU(3) V with appearance of the N 2 f − 1 = 8 Goldstone bosons (π, K and η). Chirality being a symmetry of QCD Lagrangian is broken (hidden) by the vacuum state
The scale of spontaneous chiral symmetry breaking is Λ χ ≃ 4πf π ≃ 1 GeV, where f π is the pion decay constant. Chiral symmetry breaking generates quark masses:
Massive quarks are quasiparticles, (current quark surrounded by cloud of quarkantiquark pairs of different flavors). Constituent quark (U, for example) contains pairs of strange quarks. Spin of constituent quark J U is
and then we have L {qq} ≃ 0.4 Account for axial anomaly in the framework of chiral quark models results in compensation of the valence quark helicity by helicities of quarks from the cloud in the structure of constituent quark. The specific nonperturbative mechanism of such compensation may be different in different approaches.
Orbital angular momentum, i.e. orbital motion of quark matter inside constituent quark, could generate the observed asymmetries in inclusive production with polarized target at moderate and high transverse momenta [18] .
Another model [19] which relates asymmetries to the orbital motion considers them as a result of the orbiting valence quarks. It is not clear if it is possible to reconcile the orbital motion of valence quarks with the spectroscopy data.
The behavior of different asymmetries in inclusive meson production was predicted [18] to have a typical p ⊥ -dependence, in particular, vanishing asymmetry at p ⊥ < Λ χ , its increase in the region of p ⊥ ≃ Λ χ , and p ⊥ -independent (flat) asymmetry at p ⊥ > Λ χ . Parameter Λ χ ≃ 1 GeV/c is determined by the scale of chiral symmetry spontaneous breaking. Such a behavior of asymmetry follows from the fact that the constituent quarks themselves have slow (if at all) orbital motion and are in the S-state, but interactions with p ⊥ > Λ χ resolve the internal structure of constituent quark and "feel" the presence of internal orbital momenta inside this constituent quark. Polarization of Λ-hyperon in the model [7] is result of polarization of constituent quark due to multiple scattering in the effective field. It means that s-quark in the structure of constituent quark will be polarized too, since in the model an exact compensation between the spins quark-antiquark pairs and their angular orbital momenta takes place:
Polarizations of the parent constituent quark and the strange quark are opposite. Size of constituent quark is determined by the scale of chiral symmetry breaking, i. e. R Q ≃ 1/Λ χ . Polarization is significant when interaction resolve internal structure of constituent quark r < R Q , i. e. at p ⊥ > Λ χ ≃ 1 GeV/c. It is necessary to note here, that after decay of the parent constituent quark, current quarks appear in the nonperturbative vacuum and become a quasiparticles due to the nonperturbative dressing with a cloud ofqq-pairs. Mechanism of this process could be associated with the strong coupling existing in the pseudoscalar channel. Thus, the model predicts the similarity of the p ⊥ -dependencies for the different spin observables: increase up to p ⊥ = Λ χ and flat dependence at p ⊥ > Λ χ .
Transition to partonic picture in this model is described by the introduction of a momentum cutoff Λ = Λ χ ≃ 1 GeV/c, which corresponds to the scale of chiral symmetry spontaneous breaking. At higher p ⊥ we shall see the constituent quark being a cluster of partons which however should preserve their orbital momenta, i.e. the orbital angular momentum will be retained and the partons in the cluster are to be correlated. Note, that short-distance interaction in this approach observes coherent rotation of correlatedqq-pairs inside the constituent quark and not a gas of the free partons. Nonzero internal orbital momenta of partons in the constituent quark means that there are significant multiparton correlations. High locality of strange sea in the nucleon was found experimentally by CCFR collaboration at FNAL. The locality serves as a measure of the local proximity of strange quark and antiquark in momentum and coordinate spaces. It was shown [20] that the CCFR data indicate the strange quark and antiquark have very similar distributions in the momentum and coordinate spaces.
Experimental prospects
Experimentally observed persistence and constancy of Λ-hyperon polarization means [7] that chiral symmetry is not restored. In the opposite case we would not have any constituent quarks and should expect to observe a vanishing polarization of Λ [7] . It is promising to perform the Λ-polarization measurements at RHIC and the LHC. It would allow to make a direct check of perturbative QCD and allow to make a cross-check of the QCD background estimations based on perturbative calculations at the LHC. It seems to be an important problem which is still awaiting its solution.
The use of the polarized beam will allow one to measure the two-spin correlations in the hyperon production at TeV energies at the LHC and to reveal the respective underlying mechanism. Moreover, measurements of the transverse and longitudinal asymmetries provide information on production mechanism and on hadron spin structure. It seems very promising to consider the reactions with weakly decaying baryons in the final state such as
and to measure the parameters D N N and D LL . Asymmetries at the constituent level are calculable in the framework of perturbative QCD [21] ; therefore measurements of the asymmetries D N N and D LL will provide the data on quark and gluon spin densities. The theoretical estimations provide rather significant values at the level of 50% [22] If the two polarized nucleons are available in the initial state then one could measure three-spin parameters such as (n, n, n, 0) and (l, l, l, 0) in the process:
where polarization of Λ-hyperon is studied through its decay. Measurements of the three-spin correlation parameters would provide important results for study of the hyperon production dynamics and mechanism of hyperon polarization generation. On that basis we expect, as it was already mentioned, similar p ⊥ -dependence for all spin parameters when colliding hadrons have no valence strange quarks. When the one of the colliding hadrons has a valence strange quark, the picture will include the two mechanisms: one was described above and another onepolarization of valence strange quarks in the effective field. The latter mechanism will provide the Λ's polarized in the opposite direction and can explain positive large polarization P Λ in K − p-interactions. As it was claimed in [23] on the basis of deep-inelastic scattering nonperturbative analysis, orbital angular momentum increases with virtuality Q 2 . Thus, in the framework of the model under consideration and according to the relation (1) it would lead to increasing polarization of strange quark. It means, in particular, that the transverse polarization P Λ (Q 2 ) in the current fragmentation region of the semi-inclusive process l + p → l + Λ ↑ + X will also increase with virtuality, provided the competing mechanism of the polarization of the valence strange quark from the ϕ-meson gives small contribution. Regardless this particular predictions, it seems that the experimental studies of polarization dependence on virtuality could shed new light on this problem and help in its solution.
Quark-gluon plasma detection
On the base of the model [7] one can expect a zero polarization in the region where QGP has been formed, since there chiral symmetry is restored and there is no room for the quasiparticles such as constituent quarks. Absence or strong diminishing of transverse hyperon polarization can be considered therefore as a signal of QGP formation in heavy-ion collisions. This prediction should also be valid for the models exploiting confinement, e.g. Lund and Thomas precession model, in particular, polarization of Λ in heavy-ion collisions in the model based on the Thomas precession was described in [24] where nuclear effects were discussed alongside. However, we do not expect strong diminishing of the Λ-polarization due to nuclear effects since the available data show a weak A-dependence and are not sensitive to the type of the target. Thus, we could consider vanishing polarization of Λ-hyperons in heavy ion collisions as a sole result of QGP formation provided the corresponding observable is non-zero one in the proton-proton collisions. The prediction based on this observation would be the decreasing behavior of polarization of Λ with impact parameter in heavy-ion collisions in the region of energies and densities where QGP has appeared:
since overlapping is maximal at b = 0. The value of the impact parameter can be controlled by centrality in heavy-ion collisions. The experimental program should include measurements of Λ-polarization in pp-interactions first, and then if the significant polarization would be found, the corresponding measurements could be a useful tool for the QGP detection. Such measurements seem to be experimentally feasible at the RHIC and LHC.
Conclusion
In conclusion we would like to emphasize the main points of our discussion:
• the universal p ⊥ -dependence for all spin parameters in Λ-hyperon production which reflects consideration of geometrical properties of a constituent quark is predicted: all spin parameters in the collisions of hadrons without valence strange quarks would demonstrate increasing behavior in absolute value up to p ⊥ ≃ 1 GeV/c and then become flat.
• three-spin correlation parameters -the new observables which can be measured in hyperon production with polarized beams -can provide a new insight on the mechanism of hyperon polarization
• hyperon polarization should vanish in heavy-ion collisions when quarkgluon plasma is formed, its decrease with centrality can be considered as a signature of QGP formation.
